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the Lower Mantle 
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We have heated ferropericlases (M~,,oFeo,,o)O and (Mgo,,oFeo~,o)O t o  tem- 
peratures of 1000kelvin at  pressures of 86 gigapascals, simulating the stability 
of the solid solution at physical conditions relevant t o  Earth's lower mantle. The 
in  situ x-ray study of the externally heated samples in  a Mao-Bell-type diamond 
anvil cell shows that ferropericlase may dissociate into magnesium-rich and 
iron-rich oxide components. The result is important because the decomposition 
of ferropericlase into lighter and heavier phases wi l l  cause dynamic effects that 
could lead t o  mantle heterogeneity. 

Ferropericlase (Mg,Fe)O and (Mg,Fe)SiO,- 
perovskite are considered to form the bulk of 
Earth's lower mantle. Therefore, ferroperi- 
clase [(Mg, -,Fe,)O, x 5 0.51 and magnesio- 
uiistite [(Mg, pyFe,)O, x > 0.51 have been 
studied extensively (1-14). At ambient con- 
ditions, the end members of the MgO-FeO 
solid solution-periclase (MgO) and wiistite 
(Fe0)-have the same halite NaCl (BI) 
structure, and they form a complete solid 
solution. However, at pressures above 17 
GPa and ambient temperature (15), wiistite 
transforms to a phase with rhombohedral 
structure (16). With increasing pressure 
above 100 GPa at 300 K, it transforms to the 
NiAs (B8) or the anti-NiAs (a-B8) structure 
(7, 12, 13), whereas periclase retains the 
NaCl structure at least to 227 GPa (11). The 
NaCl structure is based on cubic close pack- 
ing of the anions, but the B8 (or the a-B8) 
structure is formed by hexagonal close pack- 
ing of the anions (or cations). The topological 
difference between the B8 and B1 structures 
at high pressure could lead to an immiscibil- 
ity gap in the region of the MgO-FeO solid 
solution (1 7). To investigate this hypothesis, 
we conducted an in situ high-pressure, high- 
temperature study of ferropericlase with two 
intermediate compositions, (Mg,,Fe, ,)O 
and quenched (Mg, ,Fe,,)O, respectively. 

Experiments were performed on beamline 
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ID30 at ESRF (Grenoble, France) and at the 
Uppsala Lab in Sweden (18). Samples, syn- 
thesized as described in (I), were externally 
heated in a Mao-Bell-type diamond anvil cell 
(15). The powder samples of ferropericlase 
were loaded into a hole (initial diameter 70 to 
75 pm) in a Re gasket, which was then 
confined between beveled diamonds with 
200-km culets. Pressure was determined by 
using powdered platinum (99.999% purity) 
as an in situ x-ray standard mixed in small 
proportion (-5 volume %) with the ferroperi- 
clase samples. For the analysis of the inte- 
grated x-ray spectra, we used the programs 
GSAS (19) and PeakFit 4.0 (Figs. 1 and 2). 
The lattice parameter of Pt was determined 
with a precision better than 0.002 A over the 
whole pressure and temperature range stud- 
ied, resulting in an uncertainty of 2 GPa at 
pressures up to 80 GPa. At ambient condi- 
tions, the lattice parameters of ferropericlase 
are 4.2627(6) A (numbers in parentheses are 
standard deviations in the last significant dig- 
its) for (Mg,,Fe,,)O and 4.2716(7) A for 
(Mg,,Fe,,)O. These values agree with pre- 
vious data (1, 2, 4). Rietveld refinements 
yielded occupancies for the metal position of 
Fe 0.38(3) and Mg 0.62(3) in (Mg,,,Fe,,,)O 
and Fe 0.52(4) and Mg 0.48(4) in 
(Mg,,,Feo 510. 

In our experiments with ferropericlase 
(Mg, .Fen JO, we first increased the pressure ". , 

at ambient temperature to 47 + 1 GPa (15) 
(Fig. and then increased the temperature 
950 to 980 K. This heating further raised the 
pressure to 61 ir 2 GPa. The sample was 
heated for 4 hours, during which no changes 
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were observed except for a slight asymmetric 
broadening of the (220) reflection. Then the 
pressure was increased to 86 + 2 GPa at a 
temperature of 975 + 5 K (15). and after 5 to 
6 hours of heating, all the reflections offer- 
ropericlase became asymmetric and some 
showed splitting (Figs. 1 to 3). It was not 
possible to describe the diffraction pattern 
assuming only a mixture of cubic ferroperi- 
clase and platinum (Fig. 2A). A mixture of 
three phases [platinum, cubic, and rhombo- 
hedral ferropericlases in the proportion 
1:22 :3 (Fig. 2B)] had to be assumed to re- 
produce all features of the pattern. Cubic 
ferropericlase (Fig. 2B) had a molar volume 
of 8.68(1) cm3/mol, corresponding to a pres- 
sure of 84 5 2 GPa at 970 K according to the 
equation of state for (Mg, ,Fe,,,)O (4). The 
molar volume of the rhombohedral phase 
(Fig. 2B) at the same condition is 9.20(1) 
cm3/mol. The thermal eauation of state of 
rhombohedral ferropericlase is unknown. Us- 
ing available data (4, 5, 16), we estimated the 
bulk modulus at ambient conditions, I(,,,,,, 
to lie between 150 and 160 GPa, its pressure 
derivative K' = 4, and dK/dT between -0.01 
and -0.025 GPaIK. The observed molar vol- 
ume V,  of 9.20 cm3/mol at 85 GPa and 970 K 
would-indicate a molar volume of 12.14 to 
12.31 cm3/mol at ambient conditions. These 
values correspond to the volume of stoichio- 
metric cubic wiistite (2, 20). Upon decom- 
pression, the reflections of ferropericlase re- 
mained split (Fig. I). The quality of the dif- 
fraction patterns of the quenched samples 
was not good enough for Rietveld refine-
ment, but the x-ray data of the quenched 
samples at ambient conditions showed the 
presence of two cubic phases with lattice 
parameters of 4.253(1) and 4.327(1) A, re-
spectively. The first corresponds to a ferro- 
periclase with the composition 35 atomic % 
FeO and 65 atomic % MgO, and the second 
to an almost stoichiometric pure uiistite (2, 
20). The lattice parameters of platinum 
matched the initial value before the experi- 
ments [a = 3.923 l(5) A] within experimental 
error (0.0004 A). Within the limit of error 
(-3%), no ferric iron was detected by Moss- 
bauer spectroscopy in the ferropericlase be- 
fore and after our experiments (21). 

In the experiments with ferropericlase 
(Mg,,Fe,,)O, we heated the sample for 5 to 6 
hours between 950 and 1000 K at four different 
pressures: 56(3), 67(3), 74(4), and 83(5) GPa 
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(Fig. 3B) (15). After heating at each pressure, after quenching, but heating at 83(5) GPa dem-
the sample was quenched and studied by x-ray onstrated a splitting of the ferropericlasereflec-
and Mossbauer spectroscopy. Heating at pres- tions, indicating two cubic phases with lattice 
suresup to 74(4) GPa did not show any changes parameters 4.237(3) A and 4.325(2) A. Similar 

Fig. 1. Sequence (from 
bottom to top) of dif-
fraction patterns col-
lected during com-
pression and heating 
of ferropericlase. Ar-
rows show broad and 
split reflections offer-
ropericlaselwiistite. 

1bar, 300 K, 
after heating 

to (Mgo,Fe0.,)O, the larger lattice parameter 
of the sample (Mg0,Fe,,)O corresponds to 
an almost stoichiometricvure wiistite. where-
as the smaller lattice parameter could be es-
timated with the composition 20% FeO and 
80% MgO (2, 20). Mossbauer measurements 
before heating and on quenched materials did 
not detect ferric iron or the appearance of any 
non-wiistite phase (21). Recovered samples 
were also studied by electron microprobe 
analysis (22). The starting material and the 
materials heated at pressures up to 74(4) GPa 
were homogeneous and had composition 
Feo~,,(g~M&,96(n0. But after heating at 83(5) 
GPa, the recovered sample was not homoge-
neous and contained particles with almost pure 
wiistite composition Feo,85(,o~Mgo,ol(2~0 
(black spots on inset,Fig. 3B). Magnesium-rich 
parts of the sample with average composition 
Fe0.211(10)~&.789(17)owas inhomogeneous 
on the submicrometer level (small white spots 
in gray matrix, inset, Fig. 3B). 

We did not observe the formationof a B8 or 
anti-B8 modification of FeO, althoughthe con-
ditions of our experiment are close to the tran-
sition at 85 GPa above 800 K as proposed by 
Fei and Mao (7). There could be several rea-
sons for such a difference in observations: (i) 
The composition of wiistite could influence the 
position of the phase boundary, (ii) a small 
amount of MgO in wiistite might stabilize the 
rhombohedra1phase with respect to B8 or anti-
B8, or (iii) a small amount of MgO in wiistite 
might promote decomposition of the rhombo-
hedral phase forming metastably. The decom-
position of the intermediate ferropericlases at 
pressures greater than 85 GPa may suggest that 
the driving force of the process is either the 
transition of cubic wiistite to the NiAs-type 
structure or possible changes in the magnetic 
structure of Fe2+ (14). 

We cannot resolve the question of the 
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Fig. 2. Example of analyzed integrated patterns of the spectrum collected at 970(10) K and 86(2) GPa after 6 hours of heating. It is not possible to 
describe the diffraction pattern in terms of a mixture of cubic ferropericlase (c-Fp) and platinum (A), but a mixture of three phases-platinum, cubic, 
and rhombohedral (r-Fp) ferropericlases (B)-perfectly reproduces all features of the pattern. The GSAS program package was used. The background 
was subtracted (79). 
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Fig. 3. Examples o f  images collected (A) o n  the 
ID30 beam l ine a t  ESRF with monochromatic 
0.3738 A radiat ion with t h e  Fast Scan image 
plate, and (B) with in-house x-ray facilities a t  
Uppsala Lab (Mo Ku radiation, Smart CCD area 
detector) demonstrat ing the  spl i t t ing o f  ferro- 
periclase reflections after long heating a t  tem- 
peratures above 9 5 0  K and pressures above 8 0  
GPa. Inset shows backscattered electron image 
white, magnesium-rich parts). 

width of the immiscibility gap in the MgO- 
FeO system at high pressure, nor can we 
determine whether ferropericlase might dis- 
sociate completely into MgO and FeO after a 
sufficiently long time of heating. However, 
the ferropericlases at least partially dissociate 
into a phase with lower density (Mg-rich, 
-6.1 g/cm3) and a phase with higher density 
(Fe-rich, -7.8 g/cm3) at 85 GPa, correspond- 
ing to a depth of 1900 to 2000 km (Prelimi- 
nary Reference Earth Model). Such dissocia- 
tion of ferropericlase along with phase tran- 
sitions in silica (23) and possible dissociation 
of (Mg,Fe)Si03-perovskite (10, 17, 23) may 
lead to the heterogeneity of the lower mantle. 
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Pattern of Marine Mass 
Extinction Near the 

Permian-Triassic Boundary in 
South China 
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D. H. ErwinZ 

The Meishan section across the Permian-Triassic boundary in South China is the 
most thoroughly investigated in the world. A statistical analysis of the occur- 
rences of 162 genera and 333 species confirms a sudden extinction event at 
251.4 million years ago, coincident with a dramatic depletion of S13C,,,,,,,, 
and an increase in microspherules. 

The end-Pennian mass extinction eliminated years (3), coincident with the eruption of the 
over 90% of all marine species and had a Siberian flood basalts (4,5)  and with a sharp 
significant impact on land species as well (1, shift in S13C,, (6). Although there are 
2). However, geochronologic results from claims for multiple pulses of extinction, in- 
South China reveal that the main extinction cluding at least three at the classic Meishan 
occurred over a period of less than 500,000 sections in South China (7, 8) [probably the 

most thoroughly studied Permian-Triassic 
(P-T) marineboundary section in the world], 
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